riched by a large number of lysosomal proteases at maturation that are likely involved in the degradation of the organic matrix.
Introduction
Dental enamel is unique because it starts as a soft, protein-rich substance and ends as a hard, almost proteinfree mineral. Matrix metalloproteinase-20 and kallikrein-4 are known to degrade enamel matrix proteins during development, however, little is known about how these cleavage products are removed from mature enamel. Maturation-stage ameloblasts have been shown to have resorptive capabilities [Nanci et al., 1996] and it has been proposed that once inside the cell, the cleaved proteins are then transported to the lysosome for further degradation.
Several studies have found that there is an increase in lysosome number in ameloblasts as enamel matures [Nanci et al., 1987; Salama, 1990] . Lysosomes are enriched in a variety of enzymes capable of degrading proteins, lipids and carbohydrates from the extracellular environment. These include a family of cysteine proteases known as cathepsins (Cat), which are often ubiquitously expressed. Within the lysosome, proteins can also be cleaved by a variety of aminopeptil, dipeptil (DPP) and tripeptidyl (TPP) peptidases. Once proteins are fully degraded into single amino acids, these free amino acids can be recycled for protein synthesis.
Cat B, D and L as well as DPP II have previously been identified in ameloblasts [Andujar et al., 1989; Al Kawas et al., 1996; Smid et al., 2001; Nishikawa, 2005] . This study sought to identify previously unidentified lysosomal proteases present during enamel maturation.
Materials and Methods

Reverse Transcriptase Polymerase Chain Reaction
Total RNA was extracted from 11-day-old (maturation stage) mouse enamel organ with TRIzol reagent, and cDNA was transcribed using the SuperScript III First-Strand Synthesis system (Invitrogen). Primer sets were designed by analysis of annealing sites by DNAStar software. In order to ensure a large sample size as well as a clearly defined developmental stage, molars were selected for extraction of enamel organ RNA.
Real-Time PCR Analysis of Gene Expression in Enamel Organ
Mouse molars were harvested at 11 days postnatally and the dental papilla was carefully removed. The enamel organ mRNA was subjected to qPCR analysis by iQ SYBR green (Bio-Rad). Gene-specific primers were designed using DNAStar. Data are representative of 6 individual mice with duplicate measurements.
Immunohistochemistry of Mouse Incisors
Immunohistochemical analysis of demineralized, paraffinembedded and sectioned mouse incisors was performed. Sections were incubated in blocking agent followed by overnight incubation in specific antisera. Staining was visualized by incubation in peroxidase-conjugated antibody [Vectastain Elite ABC Kit (Goat IgG)] and Sigma Fast 3,3 -diaminobenzidine substrate. Sections were counterstained with 0.1% Fast Green and examined by light microscopy. Antibodies used were Cat S (ab-18822, 20 g/ml; Abcam), Cat L (sc-6500, 1: 500; Santa Cruz Biotechnology) or TPP II (sc-15148, 1: 1,000; Santa Cruz Biotechnology).
Results
Lysosomal protease expression was detected by RT-PCR of maturation-stage (day 11) enamel organ ( fig. 1 ) and quantified by real-time PCR ( table 1 ). As indicated by the cycle threshold numbers, Cat B, D, K and L are the most abundant lysosomal enzymes at maturation (17-18 cycles). TPP I, DPP I and III as well as Cat F, O and Z are midrange (19-21 cycles), while Cat H and S, TPP II as well as DPP II and IV are in lower abundance (22-25 cycles). Cat G was not detectable.
Immunohistochemical analysis of mouse incisors was performed using selected protease antibodies to identify the cells responsible for the protease expression. Figure 2 shows that maturation-stage ameloblasts expressed the proteases. Mouse molars were harvested from 11-day-old mice and subjected to qPCR analysis using gene-specific primers. The number of cycles to reach a predetermined cycle threshold is given. Data are representative of 6 individual mice with measurements in duplicate. n/d = Not detected. 
Discussion
With the exception of Cat G, all lysosomal enzymes examined were present at maturation. It is not surprising that Cat G was not identified in enamel as its expression appears to be restricted to neutrophils, neutrophil precursors in bone marrow and tissues that contain them (such as spleen) [Salveson, 2004] .
The highest levels of expression, as assessed by qPCR, indicate that Cat B, D, K and L are most abundant at maturation stage. Cat B, D and L have previously been detected in ameloblasts [Andujar et al., 1989; Al Kawas et al., 1996; Smid et al., 2001; Nishikawa, 2005] , however, identification of Cat K in enamel organ is novel. Cat K is a cysteine protease predominantly expressed in osteoclasts with high expression also seen in ovary, small intestine and colon, and at lower levels in heart, skeletal muscle, placenta, lung, prostate, testes, spleen, thymus, kidney, pancreas and liver [Brömme and Okamoto, 1995] . Discovery of Cat K expression in enamel organ is not surprising, given its wide tissue distribution and the fact that the protease has the capacity to cleave near proline residues [Xia et al., 1999] .
The most abundant protein in enamel, amelogenin, is proline rich like collagen. The ability of the lysosome to degrade high concentrations of amelogenin would likely require a large amount of proteases capable of digesting proline peptide bonds. DPP II is a protease with a preference for digestion of proline peptide bonds [McDonald and Okhkubo, 2004] , whereas Cat Z (also known as Cat X) is one of the few enzymes capable of cleaving C-terminal proline bonds [Klemenčič et al., 2000] . DPP IV is an exopeptidase specific for cleavage of N-terminal dipeptides where the C-terminal amino acid of the removed dipeptide is a proline. Interestingly, this protease, which is generally enriched in tissues with polarized epithelial cells (such as kidney, intestine and liver) [Misumi and Ikehara, 2004] , was found to be the lowest in abundance in mature enamel organ.
DPP I and III, TPP I and II as well as Cat F, H and O were also present at maturation at a significant level. DPP I is an aminopeptidase that sequentially removes 2 N-terminal amino acid residues from folded proteins. DPP I is interesting because in addition to its lysosomal activity, it is also involved in the activation of the proenzymes of chymotrypsin-like serine proteases [Turk et al., 2004] . Loss-of-function mutations in the DPP I gene result in early-onset periodontitis and palmoplantar keratosis, characteristic of Haim-Munk and Papillon-Lefevre syndromes [Hart et al., 1999; Toomes et al., 1999] . This may be the result of incomplete processing of an unidentified protease [Nuckolls and Slavkin, 1999] . It is possible that DPP I is secreted from ameloblasts and could act as the yet unidentified activator of the serine protease kallikrein-4.
In conclusion, our results have revealed that ameloblasts are enriched in a variety of lysosomal enzymes at maturation when protein is actively being removed from enamel.
